The authors have calculated the electronic structure of individual 1,1-diamino-2,2-dinitroethylene molecules ͑FOX-7͒ in the gas phase by means of density functional theory with the hybrid B3LYP functional and 6-31+ G͑d , p͒ basis set and considered their dissociation pathways. Positively and negatively charged states as well as the lowest excited states of the molecule were simulated. They found that charging and excitation can not only reduce the activation barriers for decomposition reactions but also change the dominating chemistry from endo-to exothermic type. In particular, they found that there are two competing primary initiation mechanisms of FOX-7 decomposition: C-NO 2 bond fission and C -NO 2 to CONO isomerization. Electronic excitation or charging of FOX-7 disfavors CONO formation and, thus, terminates this channel of decomposition. However, if CONO is formed from the neutral FOX-7 molecule, charge trapping and/or excitation results in spontaneous splitting of an NO group accompanied by the energy release. Intramolecular hydrogen transfer is found to be a rare event in FOX-7 unless free electrons are available in the vicinity of the molecule, in which case HONO formation is a feasible exothermic reaction with a relatively low energy barrier. The effect of charged and excited states on other possible reactions is also studied. Implications of the obtained results to FOX-7 decomposition in condensed state are discussed.
I. INTRODUCTION
1,1-diamino-2,2-dinitroethylene ͓Figs. 1͑a͒ and 1͑b͔͒, C 2 H 4 N 4 O 4 also known as FOX-7, is a recently synthesized molecular crystal, which belongs to a wide class of energetic materials. [1] [2] [3] [4] These materials are capable of rapid chemical decomposition with large energy release and therefore are often used as fuels, explosives, and propellants. The macroscopic properties of energetic materials have been studied for years and are thought to be generally understood. [5] [6] [7] [8] [9] However, in spite of concerted effort of both theoretical ͑see, for example, Refs. 10-12͒ and experimental studies ͑see, for example, Refs. 13-16͒, the microscale mechanisms and conditions that favor initiation of chemistry in these materials are yet to be established. Elucidating atomistic initiation mechanisms in FOX-7 is of significant interest due to its potentially high performance and low sensitivity, 2 which are important characteristics for practical applications. More generally, this material is a representative of layered wide band gap molecular crystals ͑see Fig. 1͒ and studying the electronic structure and electronic excitations of this material is of fundamental interest.
Initiation of an energetic material can be triggered by a thermal heat, shock, or mechanical impact. 8 Under these conditions the material undergoes a rapid chemical reaction, the typical end products of which are CO 2 , CO, NO 2 , and H 2 O. Other products depend on the material and external stimuli. A chemical reaction of decomposition can start from the ground state of the system or from one of its excited vibrational or/and electronic states. Different mechanisms of initiation and further processes leading to products have been proposed. For example, Williams 10 considered the influence of electronic states and electronic transport on the initiation and propagation of detonation waves. In accordance with the vibrational energy up-pumping model, 11, 12 a shock wave produces a bath of excited phonons absorbed by the lowest vibrational modes of molecules that make up the crystal. Then, phonon absorption and intramolecular vibrational energy redistribution lead to excitation of higher frequency modes and eventual transfer through a transition state leading to bond breaking and subsequent chemical reactions. Dremin noted the similarities between shock decomposition intermediates and those of photochemical processes and proposed that electronic excitations can serve as a first step in a multiprocess detonation model. 13 Although experimental evidence that electronic excitations ͑electrons, holes, and excitons͒ play an important role in the initiation of chemistry in energetic materials is abundant, [14] [15] [16] [17] [18] [19] [20] [21] [22] details of processes involving electronic excitations are far from being understood.
Due to limited amount of experimental data on FOX-7, which is a relatively new material, it is instructive to compare its electronic structure, chemistry, and energetics with the properties of other chemically related molecules, such as C 6 H 6 N 6 O 6 ͑TATB͒, nitromethane, etc., containing similar active groups attached to carbon atoms. The electronic structure of some of the energetic nitro compounds has recently been studied. In particular, Reed et al. 23 have investigated the electronic excitations in shocked nitromethane and considered modifications of the highest occupied molecular orbitallowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap of this material under hydrostatic compression and uniaxial shear. Manaa and Fried 24 have found the ground singlet state and the first excited triplet state intercrossing that accompanies bending of a C -NO 2 group in a nitromethane molecule. Even though this requires energy larger than in the case of C-NO 2 direct bond breaking in the singlet ground state, the possibility of electron-phonon coupling ͑when the molecular bending occurs due to wagging of NO 2 group͒ presents certain interest for a possible initiation reaction of decomposition. Wu et al. 25 have found that the lowest electronic excitation of a TATB molecule, containing the amino and nitro groups attached to benzene ring, corresponds to a charge transfer from a benzene ring to an adjacent nitro group and may lead to the C -NO 2 bond cleavage.
Defect-induced modifications of the electronic structure in a solid phase have been discussed in a number of earlier articles. [26] [27] [28] [29] [30] [31] [32] [33] [34] In particular, it has been suggested that electronic excitations can be stimulated by structural defects and that they play a crucial role in initiating decomposition processes in energetic materials. In particular, for the other energetic material C 3 H 6 N 6 O 6 ͑RDX͒, the narrowing of the band gap in the vicinity of dislocations was predicted, 26, 32 which is facilitated by the shock wave compression. 27 For this material, an excitonic mechanism of decomposition has been suggested. 26 It has also been established that the presence of crystalline defects, such as dislocations 32 or internal voids, 28 as well as certain type of deformations introduced by a local stress 29 or a shear strain 30 reduce the activation energy required for the decomposition of molecules.
There are few experimental studies of FOX-7 available. From the differential scanning calorimetry experiments of FOX-7 in condensed state, the energy required for starting the decomposition process has been estimated to be approximately 58 kcal/ mol.
2 This is somewhat smaller than the lower end of the typical dissociation energies ͑61-70 kcal/ mol͒ measured experimentally for a wide range of nitro compounds. 55 At the same time, the gas phase properties of FOX-7 have not been thoroughly investigated experimentally. There have been several theoretical reports on FOX-7 structure 35 and decomposition mechanisms. [36] [37] [38] [39] For example, Politzer et al. 37 and Gindulyté et al. 38 have considered possible unimolecular decomposition pathways of FOX-7 from its ground state and proposed different scenarios. The limited amount of experimental data on FOX-7 ͑Refs. 2-4͒ and conflicting conclusions derived from theoretical calculations 37, 38 hamper establishing the mechanisms of sensitivity to detonation initiation and of the related initial step͑s͒ of decomposition of this material. Consequently, accurate and comprehensive quantum-chemical modeling would be especially useful in this case. Our long-term objective is to develop atomistic models of the initial stages of detonation initiation of condensed energetic materials. Specifically, we would like to test and extend previously proposed ideas on the involvement of electronic excitations 26, 33 in these processes and to study the effect of charged and electronically excited states on the example of decomposition mechanisms of FOX-7. Since molecules in this molecular crystal are bound via weak electrostatic and van der Waals interactions, it is reasonable to expect that one can obtain a lot of useful preliminary information by studying first the behavior of isolated molecules. Hence in this paper, we focused on investigating the properties and the most probable dissociation pathways of gas phase FOX-7 in the ground and electronically excited as well as positively and negatively charged states. We extend this study to considering similar processes in crystalline FOX-7 in a separate paper. 40 The rest of the paper is organized as follows. In the next section, we briefly describe the computational details. In Sec. III, we present the main results of this study, which involve a detailed description of the electronic and geometrical structures of the ground, ionized, negatively charged, and lowest triplet states of a single FOX-7 molecule. The corresponding prototype initiation reactions and CONO, HONO rearrangements are studied and compared to available experimental data in Sec. IV. The results and conclusions are discussed and summarized in Sec. V. 
II. COMPUTATIONAL DETAILS
We used density functional theory and the hybrid B3LYP density functional, which is formed by a combination of the three-parameter exchange functional developed by Becke 41 and the correlation functional by Lee et al. 42 This functional has been widely used for simulating organic molecules, in general, and nitro compounds, in particular, and proved to be reliable in calculations of atomization energies, reaction activation energies, and energy balances ͑see, for example, Refs. 44 and 45͒. Its additional advantage is that it tends to predict optical excitation and ionization energies more reliably than Hartree-Fock or generalized gradient approximation ͑GGA͒ calculations. For example, it has been demonstrated that the Hartree-Fock calculations give a significantly overestimated band gaps for TATB ͑Ref. 25͒ and FOX-7 crystals, 34 whereas LDA or GGA calculations strongly underestimate the band gap values for these materials. 25, 29 The electronic structure of the FOX-7 molecule and its fragments as well as the barriers for molecular decomposition was calculated using the GAUSSIAN03 code 43 and Gaussian-type basis sets. We have performed test calculations with different basis sets including 6-31+ G͑d , p͒, ccpVTZ, and cc-pVQZ and found that increasing the basis set beyond 6-31+ G͑d , p͒ does not significantly influence the geometry and electronic structure of the molecule. Hence, for all further calculations we have chosen 6-31+ G͑d , p͒ basis set, which provides a good balance of the cost efficiency and accuracy.
The geometries of all reactants, products, and transition states were optimized using spin-polarized B3LYP/ 6-31 +G͑d , p͒. Vibrational frequencies have been calculated for relevant atomistic configurations to distinguish energy minima and transition states and to determine corresponding zero-point energy corrections ͑ZPECs͒. All the stationary states have no imaginary frequencies. The transition states ͑TSs͒ were calculated using the synchronous quasi-Newton method as implemented in the GAUSSIAN03 code 43 and confirmed to have only one imaginary frequency.
Energy balances of chemical reactions were calculated as differences between the corresponding total energies of initial and final states of the system. We have checked that ZPECs are relatively small ͑as detailed below͒ and, for simplicity, they are included in the calculations where relevant. The energies of products of the dissociation reactions were calculated taking into account a basis set superposition error. The barrier energies were defined with respect to the corresponding ground state and the barrier configurations of the system. Excitation energies were determined by ⌬SCF method as a difference between the total energies of the singlet and the corresponding lowest triplet states.
III. RESULTS OF THE CALCULATIONS

A. The structure of the ground state
The ground state geometry of the FOX-7 molecule is shown in Fig. 1 . The molecule has a nonplanar configuration with nonzero C-C-N n -O and C-C-N a -H torsion angles ͑hereafter we use notation N a and N n to denote nitrogen atoms, attached to the amino and nitro groups, respectively; see also notations in Fig. 1 and Table I͒ . Bond lengths, angles, and torsion angles corresponding to the equilibrium geometry are summarized in Table I together with the experimentally observed geometry 4 and are found to be consistent with the previous calculations. 35 It should be noted that the experimental geometry corresponds to the molecule in the crystalline environment and, therefore, may differ from a molecular geometry in the gas phase.
The highest occupied Kohn-Sham molecular orbital of the FOX-7 molecule is formed predominantly by the atomic orbitals of carbon atoms and oxygen atoms of the nitro groups with a small contribution from nitrogen atoms of the amino groups. The second highest occupied state ͑HOMO-1͒ is formed by atomic orbitals of oxygen atoms of the nitro groups. The LUMO is formed by nitrogen and oxygen atomic orbitals of nitro groups in equal proportion. The difference of one-electron energies of the HOMO and LUMO states in FOX-7 is 4.8 eV. ͑Following tradition, we present the energy values related to optical processes in eV, and for the chemical processes in kcal/mol.͒ It is interesting to note that the one-electron band gap of crystalline FOX-7 calculated using the Hartree-Fock method and corrected by the many-body perturbation theory is 3.4 eV. 31 We are not aware of experimental studies of the electronic structure of FOX-7, but we expect that it should exhibit some analogy to that of TATB. Both materials are molecular crystals with only weak interactions between the molecules. Despite the difference in topology of FOX-7 and TATB molecules, their structural units, amino and nitro groups, are similar and mainly determine their electronic structures. Indeed, the HOMO-LUMO gap of FOX-7 is comparable to that of 4.9 eV in TATB. 25 The HOMO in TATB is doubly degenerate and, similarly to FOX-7, is localized on the carbon atom and oxygen atoms of the nitro groups with a small contribution from nitrogen atoms of the amino groups. The LUMO orbitals in both molecules are formed by nitro ͑NO 2 ͒ groups and have small contributions from carbon and nitrogen atoms from amino groups. 25 Moreover, the HOMO and LUMO in TATB molecule are associated with different active groups, somewhat echoing the situation in FOX-7. This differs from the electronic structure of nitromethane where both the HOMO and the LUMO states are formed by the orbitals of nitro groups, and the HOMO-LUMO splitting in the molecule ͑3.75 eV͒ and the gap of the crystal ͑3.28 eV͒ are significantly smaller.
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B. Electronically excited states
Electronic excitation of the molecule may weaken some molecular bonds and affect the energies of chemical decomposition reactions by reducing activation barriers. Therefore below we consider the effect of charging and excitation of individual FOX-7 molecules and then discuss how these elementary excitations can affect the prototype decomposition reactions of this molecule.
Positive radical: †FOX-7 ‡
+
The calculated vertical ionization potential ͑IP͒ of a FOX-7 molecule is 9.52 eV. The relaxation energy into the equilibrium ͓FOX-7͔ + configuration is 0.44 eV, which is not sufficient to break any of the molecular bonds ͑see below͒. To test the accuracy of this prediction, we have calculated the ionization potential of a single nitromethane molecule CH 3 NO 2 , which also contains a nitro group attached to a carbon atom. The value of 11.16 eV, obtained using the B3LYP density functional and 6-31+ G͑d , p͒ basis set, is in good agreement with the experimental estimate of 11.07± 0.04 eV. 50 The calculated IP for FOX-7 has the same magnitude as those experimentally measured for other molecules containing nitro groups, such as nitroethane ͑10.91-11 eV͒ ͑Refs. 51 and 52͒ and tetranitromethane ͑12.55 eV͒.
53
The ͓FOX-7͔ + radical was found to have two stable configurations, which we denote h a and h p , separated by a small barrier. In the fully relaxed h a configuration, the spin density is mainly localized on the carbon ion attached to the nitro groups and partially distributed over oxygen atoms of the nitro groups ͓see Fig. 2͑a͔͒ . The geometry of this configuration only slightly differs from that of the neutral molecule and is characterized by elongation of the C v C bond by 0.07 Å. In addition, the C -N a bonds with nitrogen atoms of the amino groups become shorter by 0.04 Å while the C -N n bonds of the nitro groups elongate by 0.03 Å. Such changes weaken the attraction between oxygen and hydrogen atoms in nitro and amino groups and increase the corresponding O-H distances by 0.24 Å.
Another stable configuration of the ionized molecule, h p , corresponds to the localization of the spin density on p orbitals of oxygen atoms of the nitro groups ͓Fig. 2͑c͔͒. The geometry of h p configuration is characterized by nearly zero values of the N n -C-C-N a torsion angles and shortening of the C -N n bonds by 0.04 Å. The h p configuration is only 0.01 eV lower in energy than h a , while the barrier between them is 0.114 eV ͑2.63 kcal/ mol͒.
The calculations of a ZPEC for ͓FOX-7͔ + give 2.48 eV for the h a configuration and 2.51 eV for the h a configuration. ZPEC for the transition state is 2.47 eV. This means that the energy barrier for the transition between the h a and h p configurations is reduced from 0.114 to 0.107 eV while the reverse barrier is only 0.079 eV ͑1.82 kcal/ mol͒. Taking into account that the value of 0.01 eV is comparable with the error of the method, we can say that the two wells are isoenergetic.
Since the relaxation energy from the vertically ionized
FIG. 2. Two stable configurations of ͓FOX-7͔
+ molecule, h a and h p , and a transition state ͑TS͒ configuration. The isosurfaces of the lowest unoccupied Kohn-Sham molecular orbitals in ␤ spin of the ionized molecule illustrating the character of the hole localization are shown in all three cases. ͑a͒ In the h a configuration, the hole is mainly localized on the carbon ion attached to the nitro groups and partially distributed over oxygen atoms of the nitro groups. ͑b͒ In the transition state between h a and h p configurations, one of the nitro groups remains in the plane of the molecule, while the other one is oriented perpendicular to it. ͑c͒ In the h p configuration, the hole is localized on collinear p orbitals of oxygen atoms of the nitro groups. The geometry of h p configuration is characterized by nearly zero values of the N a -C-C-N n torsion angles. state ͑0.44 eV͒ is larger than the barrier between h a and h p , the ionized molecule can easily change its geometry from one configuration to the other during the relaxation process. The transition between h a and h p configurations corresponds to a rotation of one of the amino groups perpendicular to the plane of the molecule ͓Fig. 2͑b͔͒. At the transition state, one of the nitro groups remains in the plane of the molecule while the other one is oriented perpendicular to it ͓see Fig.  2͑b͔͒. 
Negative radical: †FOX-7 ‡
−
The calculated vertical electron affinity of the FOX-7 is 1.26 eV, indicating that it readily forms a stable negatively charged radical ͓FOX-7͔
− . An extra electron can become available through, for example, electron impact or laser initiation. 5, 13 It is localized on p orbitals of oxygen ions of the nitro groups. We have found only one stable configuration of ͓FOX-7͔ − ion. Trapping an electron increases repulsion between the O atoms and increases the values of N a -C-N a angles by 2.5°a nd lengths of N-O bonds by 0.03 Å. In addition, the C-C bond shortens by 0.03 Å, C -N a bonds elongate by 0.04 Å, while C -N n bonds shorten by 0.02 Å ͑see Table I͒. The calculated relaxation energy after vertical electron trapping is 0.5 eV.
The lowest triplet excited state
The calculated energy of the lowest triplet vertical excitation of FOX-7 is 3.19 eV. After relaxation, the system gains 0.27 eV, and the molecule becomes nearly planar with N a -C-C-N n torsion angles close to zero. In addition, the C-C bond elongates by 0.02 Å, all the C-N bonds between carbon and nitrogen atoms shorten by 0.05 Å, while the bonds between nitrogen and oxygen atoms in nitro groups elongate by 0.04-0.06 Å.
The electron component of the triplet excited state, i.e., the highest occupied ␣-spin orbital, is localized on the nitro groups ͑Fig. 3͒, similar to the extra electron of the negatively charged FOX-7, and occupies the oxygen atom states that are oriented perpendicular to the molecule plane. The hole component of the triplet state, i.e., the lowest unoccupied ␤-spin orbital, is localized on the oxygen atoms of the same nitro groups ͑Fig. 3͒ but occupies the collinear p orbitals oriented in the molecular plane, i.e., it is similar to the HOMO-1 of the ground state described above. We note that the electron and hole components in the triplet state strongly interact with each other and localize on the orbitals of the same oxygen atoms. The value of the vertical triplet excitation energy, 73.53 kcal/ mol ͑3.19 eV͒, is close to the dissociation energy reported for nitroaromatic molecules ͑ϳ70 kcal/ mol͒ ͑Refs. 54 and 55͒ and, hence, in principle this excitation could lead to C-NO 2 bond fission. However, both the hole and electron components of the triplet state of FOX-7 are described by the atomic states associated with nitrogen and oxygen atoms of nitro groups and do not involve carbon states at all. Therefore, simple excitation of the FOX-7 molecule into the lowest triplet state, as will be shown below, does not directly induce the spontaneous cleavage of the C -NO 2 bond.
IV. CHEMICAL REACTIONS INVOLVING CHARGED AND EXCITED STATES
In order to elucidate further the effect of excited states of FOX-7 on its decomposition mechanisms, we simulate relevant processes such as rupture of C -NH 2 , C-NO 2 , and C v C bonds as well as CONO and HONO isomerizations. It is clear that the barriers for decomposition reactions can be reduced by electronic excitations. For example, it will be shown below that the ionization of FOX-7 weakens the double C v C bond and reduces the barrier required to break it. Alternatively, trapping of an extra electron leads to an additional repulsion between the negatively charged species, which weakens the corresponding C-N bond. It is, however, more challenging to determine whether the overall energy balance of a decomposition reaction can be significantly affected as well. We address a question of whether the electronic excitations can modify the dissociation mechanisms and alter the reaction barriers to an extent that the dominating chemistry changes from the endo-to exothermic type and/or unusual pathways for the molecule decomposition become available.
A. C-NH 2 bond rupture
Despite the general belief that C -NH 2 is a stronger bond than C -NO 2 , 55 the C -NH 2 bond breaking has been suggested as an initial decomposition reaction of TATB ͑Ref. 56͒ based on the results of experimental study of thermal decomposition of this material by high temperature infrared spectroscopy. Wu and Fried 25 investigated possible ways of TATB decomposition and found the energy for the C -NH 2 bond cleavage to be equal to 111.0 kcal/ mol. In the case of FOX-7, Politzer et al. 37 considered the similar decomposi- tion reaction and found that C -NH 2 cleavage is endothermic with the reaction energy also equal to 111.0 kcal/ mol. In spite of a small difference in method, we also found that the decomposition of a neutral FOX-7 molecule onto one amino group and the radical NH 2 C v C͑NO 2 ͒ 2 is an endothermic reaction with the dissociation energy of 110.8 kcal/ mol ͓re-action ͑1͒ in Table II͔ Table II͔ . Not surprisingly, these energies ͑322.2 and 322.4 kcal/ mol͒ are much higher than that required to split FOX-7 into neutral fragments since there is no screening of the Coulomb interaction in the gas phase.
Next, we investigated the dissociation of the C -NH 2 bond in the charged and excited states of the FOX-7 molecule. The decomposition of the positively charged configurations of FOX-7, h a and h p , into a positively charged NH 2 + radical and a neutral NH 2 C v C͑NO 2 ͒ 2 species ͓reaction ͑4͒ in Table II͔ Table II͔ . Finally, the decomposition of FOX-7 molecule from its lowest triplet state ͓re-action ͑8͒ in Table II͔ is endothermic by 57.87 kcal/ mol and the corresponding reaction barrier is 86.06 kcal/ mol. We conclude therefore that C -NH 2 bond rupture is not a favorable decomposition pathway in FOX-7.
B. C B C bond rupture
From intuitive considerations, the rupture of a strong C v C double bond can hardly be involved in the initial step of the molecular decomposition. Nevertheless, as has been shown in the experimental investigation of thermal decomposition of FOX-7, 3 the concentrations of NO, HCN, NH 3 , and HNCO in gas products are increased at the first stage of the reaction and then gradually decreased. At the same time, the concentration of CO 2 is gradually increased during the decomposition process; this led to the conclusion that a C v C double bond fission and/or a nitro-nitrite rearrangement could be possible initial reactions of FOX-7 decomposition. 3 In the case of TATB, a carbon ring cleavage has also been suggested based on the interpretation of mass spectra of products of the thermal decomposition of this material. 57 We calculated that the dissociation energy of neutral FOX-7 molecule into neutral radicals CN 2 − products will need much higher energy than in the previous case. At the same time the C v C double bond rupture from the lowest triplet state ͓reaction ͑7͒ in Table III͔ requires 66.13 kcal/ mol. Thus, the results obtained here suggest that the C v C double bond rupture may become a feasible dissociation scenario in the presence of free electrons or after photoexcitation of the molecule.
C. C-NO 2 bond rupture
C-NO 2 bond rupture is often suggested as an initial step in the thermal decomposition of nitro-containing compounds, 5, 55 including FOX-7. 2 This reaction has been studied theoretically in the gas phase of FOX-7 and the calculated value of the dissociation energy was found to be 70 kcal/ mol. 37 ͑The value of the dissociation energy decreases to 55.4 kcal/ mol for the cis isomer of FOX-7.͒ Interestingly, this value falls in a range of typical dissociation energies of C -NO 2 bonds ͑61-70 kcal/ mol͒ determined for a wide variety of nitroaromatics, 5 including TATB ͑64 kcal/ mol͒ ͑Ref. 25͒ and a series of related aminotrinitrobenzene compounds. 55 We found that the cleavage of a C -NO 2 bond with the formation of neutral NO 2 and ͑NH 2 ͒ 2 C v CNO 2 molecules is an endothermic reaction that requires 66.98 kcal/ mol ͓re-action ͑1͒ in Table IV͔ , which is in good agreement with previous calculations 37 and experimental results. 5 It is clear from the data shown in Table IV ͓reactions ͑2͒ and ͑3͔͒ that the C -NO 2 dissociation with formation of charged products requires significantly higher energies and, similarly to TATB, 25 is unlikely to take place in the gas phase. In the case of positively charged ͓FOX-7͔ + , the cleavage of the C -NO 2 bond becomes exothermic and the calculated energy gain for this reaction is 27.67 kcal/ mol for the h a configuration and 8.08 kcal/ mol for the h p configuration ͓re-actions ͑4͒ and ͑5͒ in Table IV͔ , while the barriers for these reactions are 54.71 and 59.10 kcal/ mol, respectively. The decomposition of negatively charged ͓FOX-7͔
− is endothermic with the dissociation energy of 14.48 kcal/ mol and the barrier of only 20.62 kcal/ mol ͓reaction ͑6͒ in Table IV͔ . Such a significant reduction of the barrier is due to a larger repulsion between nitro groups accommodating an extra electron. In the case of the triplet state of FOX-7 molecule, the C -NO 2 bond cleavage is also endothermic with the calculated dissociation energy of 12.44 kcal/ mol and the barrier of 32.97 kcal/ mol. We confirm that the homolytic C -NO 2 cleavage is a plausible initial decomposition reaction in FOX-7. In addition, we reveal that the barrier for this reaction becomes significantly lower in the electronically excited and charged states of the molecule.
D. Nitro-nitrite isomerization
The presence of NO registered in final products of the decomposition of various C -NO 2 containing materials suggests that the isomerization of C -NO 2 to a C-ONO fragment and/or other intramolecular rearrangements should take place prior to the decomposition 55 ͓see Fig. 4͑a͔͒ . The nitronitrite rearrangement followed by CO-NO bond homolysis is now recognized as a plausible step in the thermal decomposition of nitroaromatic explosives. [46] [47] [48] In the case of FOX-7, the possibility of nitro-nitrite isomerization naturally follows from the interpretation of laser induced thermal decomposition mass spectra, 2 which demonstrates that both NO and NO 2 are present among the products. While such isomerization is not the fastest reaction, it is often a low energy process 55 and therefore it should be important in the course of dissociation, especially at low temperature. Thus, the barrier for CONO formation in nitromethane ͑among other nitroalkenes͒ was estimated from infrared multiphoton dissociation experiments ͑ϳ55.5 kcal/ mol͒ ͑Ref. 44͒ and ab initio calculations ͑51.7 kcal/ mol͒. 58 The similar rearrangement in nitroethylene was calculated to require about 57.9 kcal/ mol, which is ϳ15 kcal/ mol less than the energy needed to cleave the C -NO 2 bond. 59 Nitro-nitrite isomerization in FOX-7 was calculated to be slightly exothermic with the reaction energy gain of 4 kcal/ mol and the barrier of 59 kcal/ mol. 38 In our simulations, formation of the stable CONO isomer in the neutral FOX-7 molecule is also an exothermic reaction with a small energy gain of 3.7 kcal/ mol ͑4.1 kcal/ mol with ZPEC͒. The calculated barrier for this transformation is 66.4 kcal/ mol ͑63.5 kcal/ mol with ZPEC͒ and the transition state is characterized by a geometry in which one nitro group is rotated with respect to the molecular plane. The stability of the CONO isomer in FOX-7 can be explained by the formation of a bonding orbital localized on the CO-NO bond.
After the CONO isomer is formed, the CO-NO bond can be cleaved with formation of the NO species ͓see Fig. 4͑a͔͒ . The calculated barrier for this reaction is 27.4 kcal/ mol and the overall energy gain is 6.6 kcal/ mol, which is consistent with the previously reported results. 38 Importantly, we found that the NO species can detach spontaneously once the mol- Singlet-to-triplet excitation of the CONO isomer results in a bonding-antibonding transition at the CO-NO bond. As a result, the CO-NO bond weakens and the NO group can then detach without a barrier. Due to the weak spin-spin interaction of the NO and the remaining part of the FOX-7 molecule, the decomposition reactions occurring from singlet and triplet states have the same energy gain with respect to the energy of the CONO isomer in the singlet state.
Finally, we note that since the barriers of C -NO 2 to CONO isomerization and C -NO 2 rupture are comparable, both of these processes are likely to take place at the early stage of the decomposition, which is consistent with the observed existence of both NO and NO 2 products in the mass spectra of FOX-7.
2 Once the CONO isomer is formed, negative or positive charging as well as photoexcitation will result in a spontaneous detachment of NO molecule.
E. Intramolecular hydrogen transfer
The presence of NO and NO 2 fragments among the decomposition products can also originate from intra-or intermolecular hydrogen migration from amino to nitro groups. 55 One of the effects of such transfer is formation of a HONO isomer ͓see Fig. 4͑b͔͒ , which can then split with the formation of NO or HONO products. 25, 48, 60 In addition, formation of the HONO fragment lowers the strength of the C -N a bond. 61 A few studies of such hydrogen transfer have been performed for nitro-containing materials. For example, the barrier for such rearrangement calculated for nitroethylene is 57.1 kcal/ mol ͑2.48 eV͒, 39 and for TATB it is 47.5 kcal/ mol ͑2.06 eV͒. 25 The intramolecular hydrogen transfer in TATB is predicted to be more favorable than the intermolecular migration and requires about 16.4 kcal/ mol less energy than the C -NO 2 bond rupture. 25 An analogy with TATB, together with experimental observations of water among products of FOX-7 decomposition, 2 suggests that the formation of a transient HONO fragment could lead to FOX-7 dissociation.
Our calculations of the intramolecular hydrogen transfer in the case of the neutral state of FOX-7 molecule fall short of supporting the formation of HONO arrangement. For all considered initial configurations of the HONO in the neutral FOX-7, the molecule always relaxes back to the ground state geometry. The situation is similar for the lowest triplet state of the FOX-7 molecule and for the positively charged ͓FOX-7͔
+ . In the latter case, neither h a nor h p configurations could allow the formation of the HONO fragment due to a strong repulsion between the proton and the hole, a part of which is localized on oxygen atoms of nitro groups. In the case of the negatively charged ͓FOX-7͔ − , however, the trapped electron is distributed over nitro groups, which provides extra attraction between protons and oxygen atoms. This makes the exothermic HONO arrangement possible with the small energy gain of 3.35 kcal/ mol ͑3.25 kcal/ mol with ZPEC͒ and a relatively low barrier of 29.78 kcal/ mol ͑29.76 kcal/ mol with ZPEC͒. These results lead us to conclude that formation of a HONO fragment is a feasible process in negatively charged FOX-7 but it does not take place in the case of neutral or positively charged molecule.
V. DISCUSSION AND CONCLUSIONS
We have considered possible dissociation pathways of gas phase FOX-7 molecule in its ground as well as charged and excited states. We found that the excited states can not only change the energetics of chemical reactions by reducing the reaction barriers but also change the type of the dominating chemistry from endothermic to exothermic. In particular, the positive electronic affinity of the FOX-7 molecule leads to the electron trapping, thus forming a negatively charged radical, which can decompose more rapidly than the neutral molecule. We also found that the positively charged ͑ionized͒ state of the molecule has a double-well potential energy profile, which may open alternative pathways for the molecular decomposition.
We found two nearly isoenergetic processes that lead to the decomposition of FOX-7. The C -NO 2 bond fission in the ground state of the neutral FOX-7 molecule requires the activation energy of 67 kcal/ mol, in agreement with the previous theoretical investigation. 37 Nearly the same energy ͑66 kcal/ mol͒ is needed for the nitro-nitrite isomerization, i.e., formation of CONO group; this is consistent with the results of the earlier work. 38 Both of these energies fall into the range of the experimentally determined dissociation energies, 61-70 kcal/ mol, for gas phase nitro compounds. 48 We, therefore, suggest that the C -NO 2 scission and the C-NO 2 to CONO isomerization are two competing mechanisms of FOX-7 dissociation. This conclusion reconciles the seemingly contradictory theoretical predictions 37, 38 and also may help to explain the experimental observations. [2] [3] [4] Other bond-fission reactions considered for C v C and C -NH 2 bonds in the neutral molecule can hardly take place at the early stages of the decomposition because of their high barrier energies.
More importantly, our calculations demonstrate that the excitation and charging of the molecule can have a dramatic effect on the decomposition process by facilitating some mechanisms of dissociation and precluding the others. For example, formation of CONO isomers can take place in the neutral molecule, but negatively charged FOX-7 molecule does not support nitro-nitrite rearrangement and therefore breaks this channel of decomposition. However, trapping an electron by CONO-rearranged FOX-7 molecule leads to the spontaneous detachment of NO species with the energy gain.
In general, localization of an extra electron on nitro groups leads to an imbalance of the interatomic interactions and results in bond weakening. Therefore, decomposition reactions proceed with smaller barriers than in the neutral state. This has been indeed demonstrated in our calculations on the examples of fission of C -NH 2 , C-NO 2 , and C v C bonds. Moreover, negative charging of FOX-7 makes the intramolecular hydrogen transfer and formation of HONO fragments possible and even exothermic while in the neutral case such a transfer does not take place at all.
The decomposition of the ionized state of FOX-7 molecule via fission of C -NH 2 and C v C bonds is an unlikely process due to both the high reaction barriers ͑of the order of 100 kcal/ mol͒ and the high ionization energy. At the same time, although C -NO 2 to C-ONO isomerization does not occur from an ionized state of FOX-7 molecule, the ionization of CONO configuration leads to the spontaneous NO detachment. The C -NO 2 bond rupture in the ionized state becomes an exothermic reaction. Moreover, the barrier energies of several reactions are significantly reduced. We note that due to the high ionization potential of FOX-7, the energy needed for decomposition is effectively higher.
We would like to stress here that the results and conclusions of this work apply solely to the gas phase decomposition of FOX-7 and therefore they cannot be simply extrapolated to solid state decomposition processes. Yet, some reasonable speculations based on the revealed trends in chemistry of a single molecule can and should be made. For example, the general important conclusion that charged and excited states have a significant effect on mechanisms of dissociation of molecules is likely to be valid also in condensed energetic materials. It has been observed that the decomposition of liquids and solids requires systematically lower activation energies as compared to the corresponding gases. 48, 61 The analysis of the stability trends in the methyl-, bromo-, and amino-substituted homologous series of nitro compounds suggests that, in the condensed phase, intermolecular attractive forces may be more important than the structure of the individual molecule. 61 In other words, the mechanisms of decomposition in the gas and solid phases may differ considerably due to intermolecular interactions and solid state behavior. Specifically, experiments suggest that the local heterogeneity and defects in solids such as dislocations, vacancies, internal voids, and cracks play an important role in the sensitivity to initiation of energetic materials ͑see, for example, Refs. 6, 9, and 13͒. According to the hypothesis of "hot spots," the initiation in solids starts in localized regions of highly concentrated energy associated with such defects. 9 The nature of these hot spots is a subject of active research. Recent quantum-chemical studies 29, 30 demonstrate the importance of cooperative behavior in energetic materials. The shear strain and local stress provoke FOX-7 molecules to decompose with the greatly reduced activation energy as compared to an isolated molecule and by far to an ideal solid. 29, 30 FOX-7 is essentially a molecular crystal, the molecules in the unit cell, which are arranged in zigzaglike layers 4 ͓see Fig. 1͑a͔͒ , are held together due to weak electrostatic interaction and van der Waals forces. Hence, the decomposition reactions obtained for a single molecule can be relevant for decomposition of the solid state. Furthermore, simple irradiation ͑or in this particular case, ionization͒ of the molecule by shining the laser light supplies a high energy into the material. Hence, the decomposition reactions occurring from the ionized state may be relevant in the case of excitation of FOX-7 crystals under external stimuli. Laser light with the energy smaller than ionization potential can induce a spatial separation of an electron and a hole, which then can localize on two neighboring molecules. This type of an excited state is different from an intramolecular triplet excited state considered above and, therefore, the additional pathways for decomposition of crystalline FOX-7 might appear. For example, ͓FOX-7͔ − can decompose via HONO-or CONOisomerization reaction while the other, positively charged molecule, splits via C -NO 2 bond fission. The situation becomes even more intricate when an electronically excited molecule is situated next to the charged molecule, which is placed on a structural defect, for example, on a dislocation core or on the interface.
